Background. Among small Andean potato farmers, greater pesticide use and better linkage to markets are promoted as ways to improve farm outputs and incomes. The health of household members is assumed to improve with higher incomes, although evidence to support such an assumption remains scarce.
Background
Chronic malnutrition affects 23% of preschool children in Ecuador, with a higher prevalence in the rural Andes (32%) and among indigenous populations (46.7%) [1] . Deficits in iron intake are widespread, with a prevalence of 50% across all social and age groups, whereas the prevalence of vitamin A deficiency is moderate [2] . In partial response, Ecuador has initiated an ongoing program of supplementation with micronutrients, vitamin A, and iron for children under 3 years of age. In addition, many governmental and nongovernmental organizations are working to increase agricultural production, particularly among poor farming communities, with the goal of increasing both food availability and farm household incomes.
Historically, potatoes have been a staple crop in Andean communities, and they remain the second crop in overall production from the Andean region of Ecuador. Potatoes are grown at around 2,400 to 3,100 m of altitude [3] . Grazing and cereals are part of the S248 F. Orozco et al. rotation system, and intercropping with traditional Andean crops (quinoa, amaranth, melloco, etc.) also occurs, accounting for 4.5% of the total cultivated area. Eighty percent of the total area is used for short-cycle (< 6 months) varieties that have been developed from improved and native crossed varieties to foster specific characteristics, such as increased yield, tolerance for pests, longer dormancy, and characteristics of fresh potatoes in demand by consumers. Since the 1990s, with expansion of the potato-processing industry and greater consumption of fast food in urban areas, the market demand for potatoes has increased by 2% to 3% per year [4] . Hence, actions to promote potato production and commercialization, including the increased use of pesticides, have become an important part of development efforts among small farmers.
Although agriculture can generate desirable public goods, such as improvement in the health and quality of life of farm households and the preservation of rural communities and traditional lifestyles, it can also generate negative externalities, such as deforestation, pollution by fertilizers and pesticides, and decreased biodiversity [5] . The mix of public goods and externalities depends on the location and characteristics of agricultural production systems.
Agricultural production systems can be categorized in several different ways. A distinct difference is that between subsistence and commercial systems. Subsistence agricultural systems involve production primarily intended for self-consumption. In general, a large variety of cultivated species are produced either in the same plot or in different plots [6, 7] . Commercial agricultural systems-also termed intensive or commodified systems-are systems in which cash returns from commodity sales are the primary goal [6] [7] [8] . Commercial systems are characterized by a strong market orientation, a progressive substitution of the nonmarketable internal consumption resources by resources that are currently obtained in the market, and a gradual decline of integrated agricultural systems, replacing a range of agricultural outputs with specialized products [9] . Between the subsistence and commercial categories, Pingali and Rosegrant [9] add a middle category that they call "semicommercial" (a term also used by Waithaka et al. [10] ), which generates surpluses in agricultural production, in which both commercial crops (cash crops) with guaranteed markets and food for self-consumption (staples) coexist in one plot. The resources for production are a mix of those obtained in the market and the farmer's own resources. Another category is "sustainable production systems, " which is defined by Waithaka et al. [10] in terms of the ability of the agricultural production system to satisfy the current and future demands of a population, integrating concepts such as production and distribution in the definition. For small-scale farmers, this requires a balance between the investment in resources for crop and livestock production, the production of food for household consumption, the generation of income to buy food that cannot be produced by the farm, and the acquisition of other inputs necessary for human development, such as health services and education.
Regardless of the classification of the production system, von Braun [11] and Pingali and Rosegrant [9] describe commercialization processes as an inherent tendency of agricultural production systems that are close to markets. They also place the commercialization of agriculture-such as developments in potato production in Ecuador-in the context of income, nutritional, and health status. They describe exogenous determining factors and the endogenous consequences of commercialization in relation to exogenous determining factors, including the influence and availability of new technologies, the creation of new markets, the larger macro economy, and market policies. Endogenous consequences relate to decision-making within the household, which, at the same time, determines the distribution of income between edible and nonedible goods. Men, women, young people, and older people have different preferences and priorities for the distribution of income and food within the household, only one of these priorities being health and nutrition. Additionally, the care and feeding of children in a household plays an important role in the mediation of the impact of commercialization on child health. We could add other determining factors noted by other authors [6, [12] [13] [14] , including the infrastructure of basic community services and the pressure exerted by population density on the productive resources of a community.
Objective
Although potatoes are one of the main consumption and commercial crops of the Andes, the health outcomes associated with current production methods have been little examined. The objective of this study was to use a multidisciplinary approach to characterize agricultural systems producing potatoes, and to assess the relationships between these characteristics and farm household nutrition and health indicators. The overarching aim was to provide information to help guide future agricultural development programs in the region.
The study formed part of the Ecohealth Project, funded by the IDRC (International Development Research Centre Canada) and implemented by the International Potato Centre (Centro Internacional de la Papa). Ecohealth is an intersectoral health and agriculture project that works jointly with agricultural producers' platforms for the commercialization of potatoes. The project implements an ecosystemic approach [15] by adopting participative research methods involving S249 Production systems, preschool nutritional status, and pesticide-related toxicity researchers, members of the studied communities, and decision makers. The project analyzes factors related to agriculture and production processes, with the goal of improving, as a public good, the health of rural communities linked to commercialization platforms. Within the context of "production for commercialization, " we aimed to explore potential health impacts and then strengthen production and commercialization processes that would reduce health externalities and promote greater well-being of small potato producers and their families.
The hypothesis of the study were the following: 1. Communities with more intensive potato production and better linkage to the market have better socioeconomic conditions that allow them to invest in family nutrition. The diets of these families are diverse and balanced, and the children under five years of age have better nutritional status than those in communities with lower profitability and less possibility of market access. 2. Communities with more intensive production use pesticides more intensively than communities with less intensive potato production, resulting in more pesticide-related adverse health impacts. 3. Nutritional challenges are more salient in communities with less intensive production, whereas pesticide-related adverse health effects are more salient in communities with more intensive production.
Methods

Design
The design was a multiple-case study [16] .
Setting
The province of Chimborazo is located in the southcentral Andean region of Ecuador. It has a population of 432,711 people, 58% of whom are indigenous. The overall rate of illiteracy is 19%, and the rate is higher in women (24%). The percentage of rural poverty according to the unsatisfied basic needs index is 92.7%. Only 13.6% of the rural population has running water. The government spends US$38 per capita per year on health care in the province; there are an average of 13 doctors and 5 nurses per 10,000 inhabitants, but the ratio is lower in the rural areas. The slender investments in health services as well as the extreme poverty translate into indicators such as a morbidity rate of 53.8 per 1,000 children, mainly due to respiratory and diarrheal illnesses [17] . According to the ecologic classification of Holdridge [18] , the area of Chimborazo that we focused upon is thorny steppe or low montano. We selected communities with varying amounts of potato production and variable ecological conditions [19] . Cahuají and Atapo were high barren plateaus before the 1960s, when agricultural reform and the breakup of latifundios promoted increases in population density and the almost total conversion of the high barren plateaus to cropland. Currently water is scarce and dependent upon rainfall. Molobog, Sul Sul, and San Isidro were dry and unproductive prior to construction of an irrigation canal in the early 1990s. Farmers focused strongly on commercial crops, which have rapidly replaced other animals and plants in these communities. Santa Lucia and Ichubamba are humid areas with good soils and a larger number of plant species, especially trees. However, medicinal plant species have disappeared completely. These areas have substantial livestock activity that complements crop production [20] .
Populations
We analyzed the results obtained from three substudies carried out in these communities over similar periods of time: farm production [21] , child nutrition [22] , and pesticides and adult health [23] . We used the community as the unit of analysis throughout.
Data collection Community
Information about social organization, infrastructure, and household assets was gathered from key informants in each community. The community indicators used were the number of families, the existence of basic services, social organization, and the quality of access roads. Education and household asset information was compiled from household questionnaires in the survey of pesticides and adult health. This information included the main materials of the house, roof, and floor; the number of rooms; the number of rooms used for sleeping; and the type of land ownership.
Household
In each community, three overlapping populations participated in each of the three substudies: Household 1. In the farm substudy, a set of farm households was selected from which to obtain agricultural production data. In each community a total of 19 farmers in charge of crop management were selected at random and interviewed. Taking as a base the instruments of the international network of research methodology in production systems (RIMIS) [24] and adapting them to the conditions of the area under study, surveys were performed on crop management and characterization of the potato production systems based on profitability, production, market insertion, and technological development.
Household 2. In the child nutrition substudy, households with children between 2 and 5 years of age in S250 F. Orozco et al. which food was prepared at home were selected. A total of 135 children participated; there were approximately 20 children per community, except for Sul Sul, where 15 children participated. (This was the total number of children in this community.) Information was gathered on how frequently the family bought or otherwise acquired (daily, weekly, bimonthly, or monthly) different foods based on the composition table of Ecuadorian foods [25] . This method was used to evaluate food intake at the household level. Before we chose the method of gathering the information, we carried out an assessment of the feasibility of its application among the native population through participative observations. We concluded that a 24-hour recall of food prepared for consumption was not feasible because it could be biased by the fact that the people were very reserved and suspicious about answering questions on what they prepared for their daily consumption. Since people believed that revealing what foods they prepared would provide information on their socioeconomic status, we determined that it was more feasible to ask people what foods they bought than what foods they cooked. In most cases, the mothers responded to the survey questions, since they were the family members who bought and prepared food. Sometimes the respondent was a father, aunt, or older daughter who performed these tasks. The amounts of the foods purchased were recorded according to the unit of purchase in grams, pounds, quintals, etc. The data were used to calculate the amount of each food consumed by the family in grams per day. The data were entered into the nutrition program canasta (basket) to calculate the amount of macro-and micronutrients that the family consumed daily. The recommended intakes of macro-and micronutrients for each family member were obtained from the tables of recommended daily nutrient intakes for Canadians according to age and body weight [26] . These values were added to obtain the intake reference value at the household level. We calculated the adequacy percentage by the formula: observed value/expected value × 100. The tolerance range was between 95% and 105%, to represent an ideal value of 100%, where the diet is totally adequate. In this way, we obtained the adequacy percentage for each macro-and micronutrient per family. Later the data from the families were combined to obtain the adequacy percentage of each community.
Anthropometric measures complemented the intake data. The anthropometric evaluation was carried out using the indexes HAZ (height-for-age), WAZ (weightfor-age), and WHZ (weight-for-height). Height was measured in centimeters with a tape measure with the subject standing against a wall. Weight was measured in kilograms with a scale adjusted to zero before each measurement. The child's age, date of birth, and sex were recorded. The children took off their shoes, hats, and heavy clothing such as ponchos and large jackets before being measured and weighed. The surveys and the anthropometric measurements were performed by a graduate of the Escuela Superior Politecnica del Chimborazo [22] . The standard used to calculate zscores was ±2 SD according to the National Center for Health Statistics, as suggested by the World Health Organization (WHO) [27] .
Household 3. In the substudy of pesticides and adult health, approximately 20 volunteer households in each community participated. Selection criteria included being a farmer between the ages of 18 and 65 years old; having lived in the community for at least the past three years; being literate, and agreeing to participate in the study. The person most responsible for managing the crops and the person most responsible for managing the household both responded to a structured questionnaire [23] . Integrated crop management, pesticide use in the last crop cycle, and pesticide-related practices were recorded by previously described methods [28] .
Individual
For each individual in the substudy on pesticides and adult health, the interviewers administered questionnaires on acute pesticide-related symptoms and chronic neurotoxic effects. The former questionnaire was based on active surveillance sets used previously [29, 30] and the latter on a Central American adaptation of a Swedish instrument [31] . For all individual health-related information, written informed consent was obtained. The study was approved by the Ecuadorian National Bioethics Commission.
Analysis
For the analysis, the information gathered in each community was structured through three thematic matrixes: description of the potato-farming systems, food availability and accessibility and nutritional aspects, and use of pesticides and their potential effects on health. According to the degree of intensity of potato farming, the communities were classified as having more intensive, intermediate, and less intensive farming systems. Descriptive analyses were carried out by SAS version 9.1 with differences between communities with different intensities of production tested by analysis of variance and the chi-square test. The analyses aimed to establish common patterns that could contribute to theories about the intensity of potato crop management and crop diversity and their associated health outcomes.
Results
Social and economic characteristics
The communities were relatively homogeneous with S251 Production systems, preschool nutritional status, and pesticide-related toxicity respect to infrastructure (most of them had secondary roads, electricity, and potable water systems) and community services (most had primary schools), reflecting the rural Andean context in south-central Ecuador. Those with less intensive and intermediate farming systems tended to have more community organizations (two to five, vs. one to three in communities with more intensive systems) and fewer rooms per household (mean, 1.5 to 3, vs. 3 to 4.5 in communities with more intensive systems). Table 1 shows the important agricultural production characteristics recorded in the farm substudy that contributed to the categorization of the communities according to the intensity of their potato farming.
Potato production systems
Communities such as San Isidro, Molobog, and Sul Sul practiced intensive potato farming on small areas of land; the mean area cultivated per farm per community was 1.74 hectare, of which 0.25 hectare is used to grow potatoes. These communities were characterized by having agricultural production units with higher investments, higher production costs, and higher use of inputs and materials such as pesticides used for phytosanitary control. Their yields were higher, as well as their gross incomes. Approximately 26.76% of the total potato production was commercialized through the agriculture producers' platform, but other important channels included buyers in local markets (48.7%) and market intermediaries or brokers (41.6%).
At the other end, we found communities such as Cahuají and Atapo with less intensive potato-farming systems. On average, the per-farm, per-community cultivated area was 2.63 hectare, of which 0.54 hectare was used for potatoes. These communities were charac-terized by having the lowest investments in labor, input, and materials. Their yields and gross incomes were low. Commercialization took place mainly through local buyers (73.6%) and intermediaries (71%). The agricultural platform commercialized only 7.9% of the production.
Communities such as Santa Lucía and Ichubamba were intermediate, with the largest land areas devoted to potatoes (0.80 hectare). On average, the agricultural production units had an area of 2.9 hectare. These communities had somewhat higher input costs, although not for phytosanitary products, and greater yields and net returns, than communities with less intensive production. Their commercialization channels included buyers in local markets (47.9%) and intermediaries (43.1%), with 19.2% of the production commercialized through the agricultural platform. Dairy farming was important among overall agricultural production activities.
The tradition of planting potatoes and the perceived profitability of the crop were mentioned as the main reasons for including potatoes in the three production systems. Farmers in the communities considered the lack of stability of market prices as one of the greatest problems related to potato production, in addition to climate, pests and diseases, lack of irrigation, and restrictions on access to loans.
Child food and nutrient consumption
All communities had excess energy intakes; more than 68% of children had an excess intake of carbohydrates and more than 23% had an excess intake of fat (table 2) . In contrast, protein consumption was deficient in all communities, with more than 35% of children consuming insufficient protein. While the consumption of carbohydrates increased as the farming systems become more intensive, the proportion of children with deficient protein intake increased significantly (63%, p = .035). Reduction of crop diversity in the same production cycle may contribute to this deficit. For example, communities with more intensive production, such as San Isidro and Sul Sul, grew vegetables with high commercial value, whereas communities with less intensive production, such as Cahuají and Atapo, grew cereals (e.g., barley and corn) as well as legumes (e.g., beans and lentils), which together provided more complementary proteins in the diet. Communities with intermediate-intensity systems, such as Santa Lucia and Ichubamba, grew mixed commercial crops (e.g., potatoes and corn) along with some subsistence foods such as barely and alfalfa. The diets of all communities were deficient in all micronutrients, regardless of the intensity of potato production. There were significant differences among communities with different intensities of potato farming in the levels of thiamine (p = .04), riboflavin (p = .03), and calcium (p = .06). The communities with more intensive systems had the highest proportion of children with vitamin intake deficiencies, and the communities with less intensive systems had the highest proportion of children with calcium intake deficiency. This profile is probably related to the type of crop rotation in different systems as well as the complementary rearing of livestock in communities with intermediate-intensity production systems. Communities with intermediate-intensity production systems had a lower percentage of children with excess consumption of carbohydrates and fat and a lower percentage with micronutrient intake deficiencies than the communities with more and less intensive systems. The prevalence of deficits in vitamin A and iron dietary intakes was high (99.26% and 95.56%, respectively) in all the studied communities, regardless of the intensity of potato production.
The pattern of macronutrient and micronutrient deficiencies in the studied communities was reflected in the prevalence of chronic malnutrition (table 3) . On average, 23.7% of children under five years of age had a mild degree of chronic malnutrition on the basis of anthropometric measurements. The communities with less intensive potato-farming systems had a significantly higher proportion of children with moderate or severe chronic malnutrition (26.8%, p = .0195).
Use of pesticides and health effects
There were significant differences in the use and handling of pesticides among the studied communities according to the agricultural production system; the widest variations occurred between communities with more intensive and those with less intensive systems (table 4). Farmers in the more intensive systems performed more applications of pesticides per crop cycle on both potatoes and other crops. These systems also had a significantly greater use of pesticides for all crops. Among the more commonly used products were those classified by the WHO [32] as IB (highly hazardous), II 
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Production systems, preschool nutritional status, and pesticide-related toxicity (moderately hazardous), IV (unlikely hazardous), or U (unclassified for acute toxicity). The pesticides most frequently used for potatoes were the dithiocarbamates, with mancozeb as the active ingredient. In communities with less intensive production systems, the level of use of IB carbamates and other type IV products was high, perhaps because of the lower prices of these products. The overall use of pesticides in communities with intermediate-intensity systems was generally lower than in communities with less intensive or more intensive systems; however the use of IB products, especially organophosphorus, for potatoes was higher than in the other two systems.
The greater technical support received by communities with more intensive production systems probably accounts for their more frequent use of healthy practices, such as integrated pest management (p = .0001) and reading pesticide labels (p = .0002). On the other hand, these are also the communities in which dangerous crop management practices, such as entering fields that had just been sprayed, were more common (p = .0684). Combined with the generally higher level of pesticide use, these dangerous practices may account for the higher levels of pesticide-related symptoms (p = .0001) and neurotoxic symptoms (p = .051) in communities with more intensive production. 
Conclusions
Starting from the commercialization processes and the opening of the markets as one of the exogenous determining factors of the production systems mentioned by von Braun [11] , we carried out an analysis of the results of the three studies, considering the potato as the main agricultural specialization product (see fig. 1 ). We defined three production systems according to the level of intensity of tuber production-more intensive, intermediate, and less intensive-in accordance with the revised classification of agricultural systems described in the literature [6] [7] [8] [9] (see fig. 1 ). With the analysis in mind and to explore the linkages between the agricultural communities and the market, (see fig. 1 ) we have considered the agricultural platform of the potato producers of Chimborazo. The platform is a socio-organizational space created three years ago to open commercialization channels that avoid intermediation and guarantee a fixed link with markets, reducing the fluctuations in price of the products during the year and supporting the improvement of the economic conditions of small-scale producers. It receives technical and financial support from developmental organiza-tions [33] . In the case of the three systems we studied, we recognize that this connection with the platform is decreasing as the agricultural systems become less intensive.
Decisions about what to grow then begin to depend on the market decisions. In the case of more intensive systems, farming becomes more specialized, with the potato being another product, within the dynamics of this system, that helps guarantee its profitability. For the less intensive systems, the potato probably enters the dynamics of the commercialization processes described by Pingali and Rosegrant [9] and von Braun [11] by becoming an exchange product in the market from which rewards are expected, but it is necessary to invest in it. The intermediate systems, with a less-strong relationship with the market, combine the potato crop with other specialized crops, but they preserve the diversity of some of the staple foods and the productive system in general, integrating livestock production into the system. The consequences of the decisions on "what to grow" are translated then into terms of diversity. As the systems in our study become more specialized, they lose diversity (see fig. 1 ).
Related to the decisions about what product to grow 
Agriculture systems
Community infrastructure: Health services, education, water supply, and sanitation + S255 Production systems, preschool nutritional status, and pesticide-related toxicity is the use of different inputs for the production (see fig. 1 ). The need to guarantee the quality and quantity of the production of some specialized products increases dependency on the use of agrochemical products, and as the system becomes more specialized, the demand becomes higher. However, this need to guarantee production is not exclusive to these systems; the less intensive systems use more inexpensive inputs that are generally of a higher toxicity in order to guarantee that the production will result in the expected profitability. The mean expenditure for phytosanitary controls in the intensive systems (US$278) is triple the cost of controls in the intermediate and less intensive systems. Despite the generally higher investment in inputs and materials in the intensive systems, the mean net income per hectare of potato crop is similar to that of the intermediate systems. The difference from the less intensive systems is marked; in these systems, the mean net income is less than 50% of that in the other two systems. The use of alternative pest-management practices, in general, is deficient in all three systems. However, when the intensive and intermediate systems are compared with the less intensive systems, the difference in the use of pest-management practices is significant. This could be one of the factors that contribute to make potato production more expensive and to reduce the profitability of the system. Understanding food safety and farmers' health as public goods that derive from agricultural processes regarding the potato crop, we agree with several authors [11, 19, 34, 35] on the importance of structural factors (availability of preventive and curative health services, education, and water and sanitation) for the capacity to generate these assets (see fig. 1 ). In the case of Chimborazo, these factors, as reflected by the human and social development indicators, are precarious, which puts the studied communities in a vulnerable situation.
The mean prevalence of mild chronic malnutrition in the three agricultural systems in our study (23.7%) is lower than the national mean prevalence rates of chronic malnutrition in rural areas (32%) and among native populations (46.7%). However, in the less intensive systems, 26.8% of children suffered from chronic moderate or severe malnourishment, a value that exceeds the national mean (23%). This finding is related to von Braun's application of the concept of elasticity to the generation of income in agriculture [11] . According to von Braun, a great increase in income level of rural families is required to realize a significant effect in nutritional status. It appears that in the less intensive systems, the potato crop grown for the market does not generate enough income to achieve a nutritional impact. In the intermediate systems, the combination of agricultural and livestock activities plays an important role in the generation of income. Waithaka et al. [10] reported that dairy activities were a daily source of income in the household, unlike the income from commercial crops, which was generated once or twice a year, depending on the crop. On the other hand, in all of the systems there was an excess intake of carbohydrates, which increased as the systems became more intensive. In his study of the potato in Ecuador, Vásquez [4] reported that the intake of potatoes increased as the production increased. The linking of agricultural development projects with nutritional education programs seems to be a key factor to improve the nutritional status of agricultural families in more intensive and intermediate farming systems. For the less intensive systems, a careful analysis of the ecosystem context is require to promote the generation of income and sustainability.
The use of pesticides as an externality related to the potato crop in the three analyzed systems was significant (see fig. 1 ). Potato production was highly dependent on agrochemical inputs, especially on highly toxic pesticides that negatively affected the health of the farmers; the health benefit in this case was the generation of a public good from the potato crop. Both men and women in the three production systems exhibited severe, chronic deterioration in their neurological performance. The immediate effects of contact with pesticides were significantly higher in the more intensive systems. To promote ecologically sound, healthful, and sustainable farming systems, extension programs that emphasize training and information on integrated pest management techniques should accompany development projects that try to incorporate small producers into the market.
Although the studied communities were fairly homogeneous in their socioeconomic characteristics, there were marked differences among them in the nutritional status of children under five years of age, an indicator of the level of well-being of these communities [6, 7] . We conclude that there are different levels of poverty among the poor. Not all poor people are at the same level of development and live in the same ecosystemic contexts, and approaches to alleviate poverty should take account of this. In the case of the potato as a specialized commercial product, a comprehensive methodological approach should start from an analysis of the agricultural processes, productive systems, diversity management, and generation of public goods intended for the development of sustainable agricultural systems according to the definition of Waithaka et al. [10] . We fully agree with some authors [6, 7, 10, 11, 19, [34] [35] [36] about the need for transdisciplinary and intersectoral actions to improve public goods, including the health and nutrition benefits derived from agricultural processes. von Braun [11] concluded that increases in income and food availability are factors that help alleviate the problems caused by hunger but not the problems of malnutrition in preschool children, which are the result of a complex interaction between lack of food and problems related to morbidity. Our ecological analysis was conducted at the community level, and we were unable to examine more direct relationships at the household or individual levels, as is done in more detailed anthropological and economic research. Building on our study, further research could bring together the substantial research on agricultural productivity and nutritional status [37] and on the range of potential negative impacts of agricultural production on human health [38] . Comparisons across different forms of agricultural development in other cropping systems and agroecosystems would be helpful, in the same way that such work has illuminated relationships between commercialization and changes in nutritional status [7] . Research in the development field to evaluate the social costs and the social impacts of agricultural production on poor household farmers is needed to contribute to the generation of the public goods related to agricultural processes.
